ribosome-free pores containing translocon proteins.
by the magnitude of the reduction in NBD fluorescence before or after, respectively, the addition of PFO to the These studies therefore revealed that translocon pores exist in the absence of ribosomes, but in a different sample. Soluble lumenal proteins are extracted from microstructure: the aqueous pore in a ribosome-free translocon is 9-15 Å in diameter, whereas the pore in a functionsomes by a high pH treatment that disrupts the ER membrane. When returned to pH 7, the vesicles reseal ing translocon is 40-60 Å in diameter.
in the proper orientation (Nicchitta and Blobel, 1993) , and their function in terms of nascent chain targeting is Results not impaired (Bulleid and Freedman, 1988; Nicchitta and Blobel, 1993; Hamman et al., 1997) . The entire lumen Experimental Design extract (Nicchitta and Blobel, 1993) or individual lumenal In the present study, we sought to determine the strucproteins (Bulleid and Freedman, 1988) can also be retural basis of the permeability barrier that seals the luconstituted without any loss of nascent chain targeting menal end of the protein translocation pore immediately or translocation. To determine if soluble lumenal proafter SRP-dependent targeting. Intact, fully assembled teins play a role in closing the lumenal end of the pore protein translocation intermediates were prepared by in early in translocation, translocation intermediates were vitro translation, in the presence of SRP and ER microformed using microsomes that were either extracted at somes, of mRNAs that were truncated in the coding high pH and empty (XRM) or reconstituted with one or region of preprolactin. Ribosomes halt when they reach more soluble lumenal proteins (RRM). Lumenal quenchthe end of such mRNAs but do not dissociate from the ing of short nascent chain intermediates formed with mRNA because the absence of a stop codon prevents empty XRM would therefore indicate soluble lumenal normal termination from occurring. Thus, the nascent protein involvement in sealing the pore, and reconstituchain remains bound to the ribosome as a peptidyltion studies would indicate which protein(s) was respontRNA.
sible for the seal. To determine the accessibility of a nascent chain to the cytosolic or lumenal side of the ER membrane, fluorescent probes were cotranslationally incorporated into Extraction, Fractionation, and Reconstitution of Lumenal Proteins the nascent chains. ⑀NBD-Lys-tRNA, a fluorescent analog of Lys-tRNA that has a 6-(7-nitrobenz-2-oxa-1,3-Soluble lumenal proteins were extracted from ER microsomes as described previously (Nicchitta and Blobel, aminohexanoyl (NBD) dye covalently attached to the N ⑀ -amino group of the lysyl side chain (Crowley et 1993) by diluting them into a pH 10.5 buffer. The membranes were then separated from lumenal proteins and al., 1993), was added to translations so that fluorescent probes were incorporated into nascent chains wherever resealed by spinning through a pH 7.5 sucrose cushion. The protein composition of the resulting XRM was examin-frame lysine codons occurred in the mRNA. In the present study, we focused on previously described ined by SDS-PAGE and Coomassie blue staining ( Figure  1 , lane 3). Nearly complete extraction of the highly abun- (Crowley et al., 1993 (Crowley et al., , 1994 Hamman et al., 1997) translocation intermediates containing a preprolactin nascent dant lumenal proteins, GRP94 (94 kDa), BiP (78 kDa), and PDI (55 kDa), occurred when microsomes were washed chain with 64 residues (pPL 64 ) or a pPL derivative that lacked lysine codons (and hence probes) in the signal with the pH 10.5 buffer, as is evident by comparing the protein compositions of intact microsomes (EKRM) and sequence (either pPL-ssK56 and pPL-sK78).
The accessibility of the nascent chain probes to the XRM ( Figure 1 , lanes 1 and 3; cf., Paver et al., 1989; Nicchitta and Blobel, 1993) . cytosol or ER lumen in translocation intermediates was examined directly by using hydrophilic collisional quenchAfter microsomal membranes were sedimented away from the extracted lumenal proteins, these proteins were ing agents. When these agents collide with an excited fluorescent dye, its excited state energy is lost, thereby concentrated 8-to 10-fold in a pH 7.5 buffer. As shown in Figure 1 (lane 2), this extract contained all of the reducing the fluorescent light emitted by the sample. Since the magnitude of the fluorescence intensity deabundant soluble lumenal proteins. These proteins could then be reconstituted back into the lumen of excrease is dependent upon the number of collisions, the extent of quenching is directly proportional to the contracted microsomes as described previously (Nicchitta and Blobel, 1993) to form RRM (Figure 1 , lane 4). Alternacentration of quencher, as expressed in the SternVolmer equation (see Crowley et al., 1993) . Since the tively, the concentrated lumenal protein extract was fractionated using an adaptation of a previously decytosolic face of the ER membrane forms the outer surface of the microsomes, probe exposure to the cytosol scribed method . Glycosylated proteins (including calreticulin and GRP94) and proteins is detected simply by adding the quencher to a sample of translocation intermediates because the hydrophilic that do not bind either ConA or ATP (e.g., PDI) were pooled and reconstituted into microsomes (Figure 1 , quenchers cannot pass through the nonpolar core of the bilayer (Crowley et al., 1994) . Probe exposure to the lane 5) designated RRM (ϪBiP). The remaining major lumenal protein, BiP, is purified separately because it lumen can then be determined by adding a bacterial pore-forming protein, perfringolysin O (PFO), to the samis both nonglycosylated and binds to ATP. The purity of the BiP after elution from ATP-agarose is more than ple because these toxins bind to cholesterol-containing microsomal membranes and form very large holes (e.g., 95% (data not shown). Microsomes were also reconstituted with this purified BiP to form RRM (ϩBiP) ( Figure  Hamman et al., 1997) . The extent of probe exposure to quenchers in the cytosol or ER lumen is therefore given 1, lane 6). cytosolic side of pPL64 intermediates assembled with EKRM or XRM. The lumen extraction procedure therefore does not damage the ability of the resealed memthough the NAD ϩ had to pass through the entire translobranes to form the tight ribosome-translocon junction.
Extraction of Lumenal Proteins Prematurely
con pore and into the ribosomal tunnel to collide with When NAD ϩ was introduced into the lumenal compartthis probe, the same quenching pattern was observed ment of EKRM using PFO, no quenching was observed for pPL-ssK56 intermediates with EKRM or XRM as was with pPL 64 intermediates ( Figure 2A ). Thus, as reported observed with the corresponding pPL64 intermediates previously, nascent chains less than ‫07ف‬ amino acids (Table 1) . Thus, short nascent chain accessibility to the in length are inaccessible to the ER lumen after being lumen was altered dramatically by the extraction of lutargeted to the translocon (Crowley et al., 1994) . Howmenal proteins. In contrast, since the lumenal seal disever, when NAD ϩ was introduced into the lumenal comappears when the nascent chain length exceeds ‫07ف‬ partment of pPL 64 ·XRM intermediates, the probes in the residues (Crowley et al., 1994) , extraction of the ER lunascent chain were collisionally quenched at a rate simimen had no effect on the accessibility of NAD ϩ to probes lar to that observed for free ribosomes ( Figure 2B ; Table  in the pPL-sK 78 translocation intermediate (Table 1) . 1). The extraction therefore altered the translocon structure and/or composition such that the nascent chain is exposed to the lumen prematurely, most likely because
The Lumenal Seal Can Be Restored by Reconstitution with Soluble Lumenal Proteins the soluble ER lumenal protein(s) that seals the lumenal end of the translocon pore was absent after extraction.
To determine whether the opening of the lumenal end of the translocon pore resulted from the loss of soluTo show that the entire pore and ribosomal nascent chain tunnel are exposed to the ER lumen upon removal ble lumenal proteins or from the exposure to high pH, lumen-extracted microsomes were reconstituted with of the soluble lumenal proteins, a translocation intermediate was assembled in which a single NBD probe was total soluble lumenal proteins with molecular masses greater than 30 kDa (Figure 1 ). When pPL 64 and pPL-ssK 56 positioned inside the ribosome on the cytosolic side of the membrane (pPL-ssK 56 ; Crowley et al., 1993). Even translocation intermediates were prepared with these antibodies for 5-10 min on ice or at RT prior to reconstitution. c Includes data previously reported in Hamman et al. (1997) using wheat germ source "B"; all samples in the present study were made using wheat germ source "B". of PFO (Table 2) , thereby demonstrating that the BiPspecific antibodies prevented the formation of the lumenal seal. In contrast, incubation of the concentrated RRM and examined using NAD ϩ collisional quenching, lumenal extract with an excess of GRP94-specific antia complete recovery of the lumenal seal was observed bodies did not alter nascent chain accessibility to the ( Figure 2C ; Table 1 ). As a negative control, reconstitution lumen (Table 2 ). We therefore conclude that BiP is necwith buffer lacking lumenal proteins did not restore the essary and sufficient to seal the lumenal end of the seal (Table 1) . Thus, one or more lumenal proteins are aqueous translocon pore. required to seal the lumenal end of the aqueous pore early in translocation. NAD ؉ Cannot Enter the Lumen of Extracted Microsomes without PFO Another important conclusion about translocon strucBiP Seals the Lumenal End of the Pore Since nascent chain exposure to the ER lumen in early ture can be drawn from the data in Table 2 . If each equivalent of microsomes has ‫4.0ف‬ pmol of translocons translocation intermediates was dependent on the presence of a lumenal protein(s), the lumenal proteins were (Hanein et al., 1996) , then the number of membranebound nascent chains in our samples shows that only purified as noted above in order to determine which protein(s) was responsible for the lumenal seal. When about 50%-90% of the translocons are bound to ribosomes. Although NAD ϩ can diffuse through a functionmicrosomes were reconstituted only with purified BiP in the presence of ATP, the NBD probes in short nascent ing translocon pore , the data in Table 2 reveal that NAD ϩ cannot pass through the pores chains could not be quenched by NAD ϩ from either side of the ER membrane (Table 2 ). In contrast, the NBD in translocons not bound to ribosomes because no quenching was observed with XRM intermediates prior probes in short nascent chains were accessible to NAD ϩ in the lumen of microsomes that contained all of the to PFO addition. Thus, since cytosolic NAD ϩ cannot access the lumen even if BiP has been removed, the lumenal proteins except BiP (Table 2) . Thus, only one protein, BiP, appears to be responsible for sealing the translocon pores lacking ribosomes are either smaller, are sealed by a protein other than BiP, or do not exist. lumenal end of the translocon pore.
Since it was conceivable that our purified BiP solution contained sufficient contaminants to seal all of the pores Iodide Ions Can Pass through the Membrane of Lumen-Extracted Microsomes in lumen-extracted microsomes, we used an independent approach to confirm the BiP specificity of our obwithout PFO The structure and existence of aqueous pores in the ER servations. Excess affinity-purified antibodies specific for BiP were added to and incubated with total lumenal membrane was further examined using iodide ions as (1994) were redetermined using to free ribosomes (open squares) or to membrane-bound ribosomes wheat germ source "B" ; all samples in the either prior to (open circles) or after (closed circles) addition of present study were made using wheat germ source "B". PFO were examined for quenching while keeping the ionic strength d The final BiP concentration in the lumen of RRM (0.1 BiP/ATP) is constant as described previously (Crowley et al., 1993 (Crowley et al., , 1994 . Transestimated to be ‫1.0ف‬ pmol per equivalent, which is ‫%01ف‬ of that location intermediates were assembled using either (A) EKRM, (B) in the lumen of EKRM. XRM, or (C) RRM.
e Affinity-purified antibodies or Fab fragments ‫03ف(‬ pmol) directed against the C-terminal ends of the translocon proteins Sec61␣ or TRAM were added to microsomes (20-30 eq) after column purificacollisional quenchers rather than NAD ϩ . With a hydrated tion, as were antibodies to ribophorin I in excess of the amount diameter near 9 Å , the iodide ion is substantially smaller required to block translocation. Nontranslating ribosomes (80S) were purified from wheat germ extract as described elsewhere than NAD ϩ (Bell and Eisenberg, 1996) with its hydrated (Powers and Walter, 1996) ‫07ف‬ residues ( Figure 3A ; Table 3 ). However, when I Ϫ g PFO was not added because quenching increased slowly over was added to the cytosolic side of pPL-sK78 intermeditime, presumably because the dissociation rate of 80S from pores ates made with XRM, collisional quenching was obwas higher when the ribosomes lacked nascent chains.
served, and the extent of quenching was approximately the same as that observed with free ribosomes ( Figure  3B ; Table 3 ). Since quenching was observed before the soluble protein(s) in the ER lumen is required to seal the aqueous holes in the ER membrane that are not sealed addition of PFO, the I Ϫ must have reached the lumen via another aqueous pathway, presumably a pore that on the cytosolic surface by ribosomes. Equivalent results were obtained with pPL-ssK 56 (Table 3) . is sealed in EKRM, but not XRM. Strikingly, this accessibility of the nascent chain to cytosolic I Ϫ was completely eliminated when intermediates were assembled with BiP Also Seals Ribosome-free Aqueous Pores in the ER Membrane RRM reconstituted with total lumenal proteins ( Figure  3C ; Table 3 ). Thus, the tight ribosome-translocon seal
Various combinations of purified soluble lumenal proteins were reconstituted into microsomes in order to was unaffected by the extraction procedures, and a determine which protein(s) blocks cytosolic I Ϫ access the ER lumen of XRM via pores that have a composition and a property (ribosome-binding) similar to those of to the lumenal compartment of XRM. As shown in Table  3 , purified BiP prevented I Ϫ quenching of nascent chain translocons. The simplest interpretation of these data is that the smaller pores constitute ribosome-free probes in the absence of PFO. In contrast, reconstituting the microsomes with the remainder of the soluble lutranslocons. This, in turn, would mean that translocons are assembled and exist even in the absence of ribomenal proteins (ϪBiP) did not block quenching by I Ϫ . The gating of these ribosome-free holes by BiP was also somes. However, the structure of a putative inactive transloshown by adding affinity-purified BiP-specific antibodies to the lumenal proteins prior to reconstitution and con differs substantially from that of a functioning translocon. Since NAD ϩ cannot enter the microsomal observing that the antibodies prevented BiP from sealing these holes (Table 3) . Furthermore, BiP-specific antilumen through a ribosome-free translocon hole, the aqueous pore in these translocons must be less than bodies did not block seal formation if they were preincubated with the immunizing peptide (the C-terminal 12 17 Å in diameter. Yet, since I Ϫ with a hydrated diameter of about 9 Å can pass through these pores in XRM, the amino acids of hamster BiP) prior to incubation with the lumen extract and reconstitution. Thus, BiP binds to the diameter of a ribosome-free translocon pore is between 9 and 17 Å . lumenal end of at least two types of aqueous pores in the ER membrane, one that is tightly bound to the ribosome and functioning early in translocation, and an- Ϫ can pass through the ribosome-free aqueous holes in XRM. Are these ribosomeameter of the aqueous pore from 40-60 Å to 9-17 Å . pPL-sK78·XRM complexes were prepared to yield transfree pores simply translocons that have a smaller hole, or are the pores formed by a completely separate set of location intermediates with large pores (the nascent chain was longer than 70 residues) and no BiP in the ER membrane proteins? To address this issue, we asked whether affinity-purified antibodies specific for Sec61␣, lumen to seal the small pores. Fab fragments of affinitypurified Sec61␣ antibodies were then added in excess one of the translocon proteins, would interfere with I Ϫ passage into XRM. Fortuitously, both anti-Sec61␣ antito bind to and plug the small pores (i.e., the putative ribosome-free translocons). After purification by gel filbodies and their Fab fragments completely prevented cytosolic I Ϫ from entering the XRM and quenching natration as usual to remove any unbound ribosomes or antibodies, each translocon in the resulting microsome scent chain probes in pPL-sK 78 ·XRM intermediates (Table 3). Similarly, the addition of affinity-purified antibodsample was either bound to a ribosome (large pore) or to a Fab fragment (small pore). When I Ϫ was added to the ies specific for another translocon protein, TRAM, to pPL-sK78·XRM intermediates greatly inhibited I Ϫ access cytosol of these samples, no quenching was observed (Table 4) . Thus, each translocon pore was blocked on to the nascent chain. In contrast, antibodies to ribophorin I, a component of the oligosaccharyltransferase, its cytosolic end, either by a ribosome or by a Fab fragment, and no detectable dissociation of these species blocked translocation (data not shown) but did not inhibit I Ϫ passage through the smaller pores (Table 3) .
from the pores occurred during our experiments. The ribosomes were selectively removed (Ͼ90% by These data strongly suggest that the holes in the ER membrane through which cytosolic I Ϫ was moving were absorbance at 260 nm) from these microsomes by incubation with puromycin and then high salt, and accessibilformed by the same proteins that are found in functioning translocons.
ity to the lumen through the newly exposed translocon pores was assessed using both I Ϫ and NAD ϩ . Since Independent evidence that the smaller holes are ribosome-free translocons was obtained by determining about 25% of the NBD-pPL-sK 78 ended up on the cytosolic side of the membrane after the high-salt wash, whether these holes could be blocked on their cytosolic ends by adding an excess of ribosomes to pPL-sK78·XRM NBD-specific antibodies were added to the samples to bind the cytosolic NBD dyes, reduce their fluorescence intermediates. Since free nontranslating ribosomes bind tightly to Sec61␣ (Kalies et al., 1994) , we reasoned that by 85%, and prevent I Ϫ and NAD ϩ access to them . This allowed us to focus solely on such ribosomes might associate with ribosome-free translocons and thereby prevent cytosolic I Ϫ access to NBD-pPL-sK78 inside the microsome and determine whether its emission could be collisionally quenched by the probes in pPL-sK78 intermediates by plugging the pores. As shown in Table 3 , incubation of 80S ribosomes either NAD ϩ or I Ϫ . As shown in Table 4 , essentially no quenching was observed with cytosolic NAD ϩ . Thus, with the pPL-sK 78 ·XRM intermediates greatly inhibited quenching of nascent chain probes by cytosolic I Ϫ . In NAD ϩ could not pass through translocon pores after ribosomes had been released. Since NAD ϩ can move contrast, the addition of 70S bacterial ribosomes had no effect on I Ϫ passage (data not shown However, this did not occur, as is evident from the A pore still exists, however, at those translocons from quenching observed after PFO was added to the pPLwhich ribosomes dissociated because cytosolic I Ϫ can sK 78 sample (Table 3) . Similarly, if BiP were binding to quench nascent chain probes in the lumen (Table 4) .
an unfolded protein so tightly and stably that I Ϫ passage This quenching does not occur by I Ϫ movement through was blocked, then passage of larger nascent polypeppores originally blocked by Sec61␣-specific Fab fragtides should also be prevented. However, reconstituted ments because the epitope-Fab interaction is stable in microsomes are active in translocation (Bulleid and high salt, as shown by Fab fragment prevention of any Freedman, 1988; Nicchitta and Blobel, 1993 ; Hamman cytosolic I Ϫ quenching in samples containing high salt et al., 1997; data not shown). In addition, although ATP when Fab fragments were added prior to I Ϫ (Table 4) .
is required for BiP function as a chaperone, BiP binding Thus, the large aqueous pore that exists during transloto polypeptide does not require nucleotide (Hendershot cation does not disappear when the ribosome dissociet al., 1996) . Thus, since BiP closure of the pore requires ates from the translocon but, instead, is replaced by a ATP or ADP (see below), the sealing activity of BiP does smaller pore. These data therefore reveal a ribosomenot result from the association of BiP with an unfolded dependent conversion of translocon structure that inprotein. cludes a substantial reduction in pore size.
BiP Gating of the Translocon Pore Gating by BiP Is Stoichiometric, Not Catalytic
Is Nucleotide-Dependent The above data suggest that BiP binds to the lumenal In the above experiments, translocon gating was obend of the translocon and seals off its aqueous pore served when lumen-extracted microsomes were reconfrom the lumenal compartment. If this is correct, then stituted with BiP and ATP. To determine whether BiPBiP would be expected to function stoichiometrically as dependent gating requires ATP and/or ADP, pPL-ssK 56 a gating protein (i.e., closing a pore requires one or more intermediates were assembled using microsomes reBiP molecules per translocon). Yet, since BiP facilitates constituted with nucleotide-free BiP and examined for protein folding in the ER lumen (for a review, see Gething accessibility to quenchers. I Ϫ was found to have comand Sambrook, 1992), it is conceivable that BiP acts plete access to the nascent chain probes in these samples (Table 5) , a result that suggests that BiP-dependent by catalyzing the folding of a membrane protein(s) that protein translocation occurs in mammalian ER mem- translocons into small-pore translocons is dependent b These microsomes are the same as the RRM (ϪBiP) defined in on the ribosome-nascent chain complex. These results are summarized in the model shown in Figure 4 .
c Microsomes were reconstituted with dialyzed BiP (Wei and Hendershot, 1995) and the nucleotide indicated in parentheses. ATP
Since BiP is the gating protein that binds to and seals (Ͻ0.5% ADP), ADP (Ͻ0.2% ATP), and AMPPNP were purchased the lumenal end of the aqueous translocon pore, both from Sigma.
immediately after ribosomal targeting to the ER memd Concentrated lumenal extract was preincubated with 1 U/l apybrane and also when the translocon is unoccupied, BiP rase (Sigma) at 26ЊC for 10 min prior to reconstitution.
is responsible for maintaining the permeability barrier of the ER membrane. BiP therefore plays an important role in intracellular metabolism by preserving, for example, the Ca 2ϩ concentration gradient. In fact, this newly translocon gating requires ATP or ADP. Consistent with identified function of BiP may be more critical to overall this interpretation, reconstitution of the nucleotide-free cell function than the widely studied interaction of BiP BiP with either 4 mM ATP or 4 mM ADP completely with unfolded proteins. blocked iodide access to the nascent chain (Table 5) .
BiP therefore has multiple roles in the lumen of the In contrast, reconstitution with 4 mM ATP or 4 mM ATP ER. In addition to serving as a gating protein, BiP has plus all lumenal proteins except BiP did not block I Ϫ been shown to be required for both cotranslational (Nicaccess to probes through the translocons. Further evichitta and Blobel, 1993; Brodsky et al., 1995) and postdence for ATP-or ADP-dependent BiP gating came from translational (Vogel et al., 1990; Nguyen et al., 1991 ; the fact that reconstitution of BiP/ATP with apyrase, an Sanders et al., 1992; Brodsky et al., 1995; Panzner et enzyme that hydrolyzes ATP and ADP to AMP, comal., 1995) protein translocation across the ER membrane. pletely eliminated translocon gating (Table 5) .
BiP has also been shown to be required for the folding To determine whether ATP hydrolysis is required for of numerous secretory proteins (e.g., Simons et al., 1995 ; BiP to gate the translocon, BiP was reconstituted with Hendershot et al., 1996) . Whether these various func-4 mM AMPPNP. AMPPNP completely blocked gating of tions are coupled to BiP's role as the lumenal gating the translocon by BiP (Table 5 ). The most likely explanaprotein has yet to be determined. When we first detected tion for this observation is that BiP·ATP binds to the the lumenal translocon seal, we surmised that the pore lumenal end of the pore, ATP is hydrolyzed, and then was gated by a protein such as BiP (Crowley et al., BiP remains tightly bound to the translocon in its ADP-1994) . This speculation was based in large part on the bound form.
presumption that the opening of the pore was triggered The data in Table 5 also indicate that neither ATP nor by the interaction of the nascent chain with a protein ADP in our translation mixture can pass through the that binds unfolded polypeptides, as well as on the exis-ATP-transport channel and bind to nucleotide-free BiP tence of BiP mutants defective at two different stages in reconstituted microsomes. These data therefore in the translocation process (Sanders et al., 1992) . Alagree with previous studies that showed that the ATPthough the data reported here show that BiP is indeed transporter is an antiport channel requiring the presence the gate protein, it is not yet clear whether a BiP-nascent of lumenal nucleotides to function (Mayinger et al., chain interaction causes the BiP to release from the 1995). It is also clear that ATP in the translation mix pore early in the translocation process. cannot pass through the inactive aqueous translocon It is also not yet clear with which translocon compopores in XRM reconstituted with nucleotide-free BiP. nent(s) BiP associates. Studies in yeast have shown that Since the hydrated dimensions of ATP are about 12 ϫ BiP binds to the ER membrane via a direct interaction 15 ϫ 20 Å (e.g., Flaherty et al., 1990) , these data indicate with Sec63p (Brodsky and Schekman, 1993; Lyman and that the maximum diameter of the aqueous pore through Schekman, 1997) that presumably places BiP in a posian inactive translocon is less than 15 Å . tion to facilitate posttranslational protein translocation. Although no Sec63p homolog has yet been reported in Discussion mammalian cells, BiP may bind to such a protein. Since purified Sec61p forms rings that closely mimic rings Six major conclusions can be drawn from the present seen in natural membranes, it has been proposed that study regarding the structure and dynamics of the the pore is formed primarily by the association of Sec61␣ monomers (Hanein et al., 1996) , a conclusion that is also translocon and the mechanism by which cotranslational The experimental identification of at least three different translocon structures suggests the model depicted above. First, the aqueous pore through a ribosome-free translocon is only 9-15 Å in diameter and is tightly sealed at its lumenal end by the nucleotide-dependent binding of BiP. Second, immediately after targeting of the ribosome-nascent chain complex, BiP continues to seal the lumenal end of the translocon. It is not yet clear whether the aqueous pore has expanded at this stage. Third, when the nascent chain reaches a length of about 70 amino acids, BiP is released from the lumenal end of the pore, and the resulting pore is 40-60 Å in diameter. It is also not yet clear whether BiP dissociates completely from the translocon at this stage. The system recycles to its original state when the secretory protein is released from the ribosome and translocon with a concomitant collapse of the aqueous pore and sealing of its lumenal end by BiP.
supported by photo-cross-linking studies (reviewed in translocon structure so dramatically? The most likely explanation is that it is easier to maintain the permeabil- Rapoport et al., 1996) . The translocon binding site for BiP may therefore also include Sec61␣.
ity barrier with a smaller aqueous pore: a single BiP molecule can bind to and plug a 15 Å hole, while closing Since BiP seals the translocon only in the presence of ADP or ATP (Table 5) , BiP must be in a specific confora 50 Å hole would be more difficult and may even require multiple BiP proteins. Although BiP appears to seal mation(s) to interact with the translocon. The inability of BiP·AMPPNP to seal the pore strongly suggests, but pores of both sizes because it both blocks NAD ϩ access to short nascent chains (Table 2 ) and also blocks I Ϫ does not prove, that BiP binding to the translocon is observed in the presence of ATP only because ATP is passage through ribosome-free pores (Table 3) , the diameter of the pore in intact early translocation intermedihydrolyzed either prior to or during the binding of BiP to the pore. Although we have not demonstrated directly ates has not been determined experimentally because it is sealed at both ends. In the absence of this data, that BiP binding to the translocon is accompanied by ATP hydrolysis, such a coupling may have structural one possible scenario for the BiP-translocon interaction is the following: BiP only binds to and seals the lumenal or functional ramifications. Interestingly, BiP binding to Sec63p in yeast is also nucleotide-dependent, and it is end of the translocon when its internal diameter is 9-15 Å ; the newly targeted ribosome binds and tightly seals the ADP form of BiP that binds tightly to Sec63p (Corsi and Schekman, 1997) .
the cytosolic end of the 9-15 Å pore; after translation produces a 70-residue nascent chain, its interaction with The fluorescence data reported here strongly indicate that the translocon does not completely disassemble BiP (Crowley et al., 1994) or binding to Sec61p (Jungnickel and Rapoport, 1995) triggers the release of BiP when the ribosome terminates translation of a secretory protein. Instead, the translocon appears to experience from the lumenal end of the pore and causes the simultaneous or subsequent rearrangement of the translocon a major change in conformation and perhaps composition as it changes its functional state. This structural that expands the aqueous pore and establishes a new ribosome-membrane tight junction. We also speculate change was detected by using collisional quenchers of different sizes and showing that the aqueous pore was that the release of the ribosome at the end of translation is delayed until the secretory protein leaves the transloconverted from a diameter of 40-60 Å in a functioning translocon to a diameter of 9-15 Å con, at which point ribosome dissociation is stimulated by, or coupled to, the binding of BiP·ATP to the transloin a ribosome-free translocon. Evidence that the smaller pore is formed by translocon components was obtained con and the simultaneous constriction of the pore. The magnitude of the change in pore size is very large, by showing that antibodies or Fab fragments specific for Sec61␣ prevented I Ϫ movement through the small and hence, the structural rearrangement within the translocon during its functional cycle (from targeting to pores (Table 3) and that large ribosome-bound pores were converted into smaller pores when ribosomes were translocating to ribosome-free; Figure 4 ) is substantial. It seems thermodynamically unlikely that the putative released from the translocons (Table 4) . It is also important to note that antibodies to TRAM interfered with amphipathic ␣ helices of Sec61␣ and other translocon proteins forming the pore can be stably bent or reoriiodide ion passage, thereby indicating that TRAM is still associated with Sec61␣ in the ribosome-free translocon.
ented sufficiently to reduce the pore size by more than 25 Å . A more likely scenario is that one (or more) of Since the translocon is not totally disassembled after the ribosome leaves, why is it necessary to change the translocon proteins moves laterally into the pore to , 1996) . It now seems likely that at least in the latter described previously (Nicchitta and Blobel, 1993) . In brief, 100 l of buffer B (500 mM HEPES/500 mM CAPS titrated to pH 10.5) was study, the average value of 20 Å for natural membranes proteins (see below) and then incubation on ice for 5 min. In some cases, nucleotides were added at this point. Microsomes were reTranslocon structure is also dynamic during cotranssealed by adding ‫08-06ف‬ l of 1 M HEPES (pH 6.8) and mixing to lational integration as it undergoes a series of structural obtain a final pH of 7.0-7.5 by pH paper, followed by incubation on changes designed to release the cytoplasmic domain ice for ‫5ف‬ min. Reconstituted microsomes were then diluted with of a nascent membrane protein into the cytosol (Liao et 500-700 ml of resuspension buffer C and purified by centrifugation al., 1997). The permeability barrier was maintained durthrough 0.5 M sucrose in buffer A as above (100.2 rotor). Pellets ing this process by first sealing off the lumenal end of the were carefully resuspended as above, using 100 l of buffer C to pore and then opening the tight ribosome-membrane yield lumen-reconstitituted microsomes (RRM and variations).
junction on the cytosolic side of the ER membrane. It remains to be seen whether the closure of the aqueous
Purification and Fractionation of Soluble Lumenal Proteins
Soluble lumenal proteins were extracted and purified in bulk by first pore during integration involves BiP and/or a change in converting rough microsomes (10 ml) to EKRM by diluting to 18 the size of the pore. One intriguing correlation is that a ml with EDTA (10 mM final concentration) and KOAc (0.5 M final translocon pore with a diameter of 9-15 Å would fit concentration) and incubating on ice for 20 min. Samples were then tightly around a transmembrane ␣ helix. Although this underlaid with 4 ml of 0.5 M sucrose in buffer A, followed by centrifusimilarity in helix and pore diameters may be simply gation at 4ЊC for 45 min at 40,000 rpm using a Beckman Ti 50.2 coincidental, it is conceivable that the permeability barrotor. Lumenal proteins were extracted by resuspending the pellets rier is maintained during integration by the controlled with 10 ml of buffer B and diluting 8-fold with H 2 O, followed by constriction and expansion of the translocon pore.
incubation on ice for 20-30 min. After spinning as above, the total supernatant containing soluble ER lumenal proteins was pooled with the top ‫3/1ف‬ of the sucrose cushion and neutralized by titrating Experimental Procedures with 1.0 M HEPES (pH 6.8) until the pH reached between 7 and 8 by pH paper. The proteins were then concentrated to 1-2 ml and a Plasmids and mRNA final concentration of about 5-10 eq/l using a Centriprep-30 (AmiPlasmids pSPBP4, pVW1, and p138 were digested as before (Crowley et al., 1993 (Crowley et al., , 1994 in order to obtain truncated mRNAs encoding con) macroconcentrator at 4ЊC.
